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We propose a new approach in the investigation and detection of axion and axion–like particles based on the
study of the entanglement for two interacting fermions. We study a system made of two identical fermions with
spin −1/2, and we show that fermion–fermion interaction mediated by axions leads to a non–zero entanglement
between the fermions. An entanglement measurement can reveal the interaction, providing an indirect evidence
of the existence of axions. We discuss how the other interactions affect the entanglement, and how to isolate the
axion contribution. Particular care is devoted to the analysis of the magnetic dipole–dipole interaction, which
turns out to be the most relevant source of noise in our approach and we show that it can be suppressed by
setting opportunely the duration of the observation. We also introduce a two–body correlation function, which
could be directly observed in an experiment, and plays the role of an entanglement witness.
PACS numbers:
I. INTRODUCTION
The standard model provides a simple explanation for a
wide range of phenomena involving fundamental particles and
their interactions. In spite of its success, does not represent
the definitive theory of elementary particles. Several phe-
nomena, ranging from particle mixing [1–5] to the quantum
features of gravitation [6], are beyond the standard model.
Among the shortcomings of the theory is the so–called strong
CP problem in Quantum Chromodynamics (QCD) [7–9]. The
QCD Lagrangian features a gluon–gluon interaction term that
in principle allows for an arbitrary violation of CP symme-
try, whereas no such violation is observed in strong pro-
cesses [7–11]. As a direct consequence of the CP violat-
ing term, one would expect a relatively large neutron electric
dipole moment, which the recent experiments constrain below
3 × 10−26e cm [12]. To remedy this inconsistency, R. Pec-
cei and H. Quinn introduced a new global symmetry UPQ(1)
(called Peccei–Quinn symmetry) that is spontaneously bro-
ken [8, 9]. As shown by Frank Wilczek and Steven Wein-
berg [10, 11], this results in a new particle, named the axion,
which is the pseudo–Nambu–Goldstone boson of the broken
UPQ(1) symmetry [13].
The scale at which the symmetry breaking occurs fA,
known as the axion decay constant, determines, according to
the model considered, both the axion mass ma ∝ 1fA and the
effective couplings with the standard matter. The original pro-
posal considered fA close to the electroweak scale [9–11], a
hypotesis that was later ruled out by the experiments. Soon
alternative axion models were devised, notably the KSVZ
model [14], featuring heavy quarks carrying a Peccei–Quinn
charge, and the DFSZ model [15], in which the ordinary
quarks and additional Higgs doublets carry the Peccei–Quinn
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charge. They provide a reference for two large classes of ax-
ion models (hadronic and GUT axions). Today the axion de-
cay costant is estimated to be very large fA > 109GeV , so
that the QCD axions (both hadronic and GUT) have to be very
light ma ∼ 10−6 − 10−2eV and very weakly interacting [7].
These aspects make axions a natural candidate for dark matter.
Moreover, motivated by the search for dark matter com-
ponents, a variety of Axion–like–particles (ALPs) has been
introduced. They can deviate significantly from the original
Peccei–Quinn proposal, and are not necessarily tied to the
solution of the strong CP problem, but share the nature of
axions and are weakly interacting with the standard matter.
In these models the relation between the coupling constant
and the mass of the ALP can differ from the direct propor-
tionality that characterizes the PQ axions. They range from
masses ma ∼ 10−22 eV, characteristic of the ultra–light ax-
ions [16, 17], up to masses of 1 TeV for the heavy GUT ax-
ions [18]. Axions and ALPs are, to date, one of the most
credible explanations for dark matter [19–22].
Driven by large theoretical interest, several experiments
were designed to prove the existence of ALPs. Perhaps
unsurprisingly, considered their extremely small interaction
rates, the experimental search for ALPs has proven to be
very challenging. Many experiments take advantage of the
axion–photon coupling. Among them, searches for polariza-
tion anomalies in the light propagating through a magnetic
field (PVLAS) [23], “light shining through a wall” exper-
iments (OSQAR) [24] and detection via the Primakoff ef-
fect (CAST) [25]. More recently other approaches based
on geometric phases [26] and QFT effects in the axion–
photon mixing [27] were also suggested. Astrophysical ob-
servations and terrestrial experiments over the decades have
restricted the allowed regions in parameter space, and fur-
ther constraints might come from the analysis of the axion–
nucleon and axion–lepton interactions, as suggested for in-
stance in [28]. Despite this, no evidence for the existence of
the ALPs has been found up to now.
In this paper, we propose a different approach to the de-
tection of axions, based on the study of the entanglement
arising between two fermions interacting via axion exchange.
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2In recent years, theoretical and experimental analysis of the
entanglement properties have found application in the most
disparate fields, from quantum biology [29] to statistical
physics [30, 31], and also as a tool to gain insight on funda-
mental interactions, like gravity [32–35]. These applications
stem from the fact that the emergence of entanglement be-
tween two (or more) physical objects is strictly connected to
the presence of a quantum interaction between them acting as
a quantum channel [36, 37]. Consequently, an analysis of the
entanglement properties provides information about the inter-
action itself.
We focus on the axion–mediated fermion–fermion interac-
tion, which assumes the familiar form of a Yukawa coupling
between the pseudoscalar field and two fermionic fields. In
the non–relativistic limit, the axion–induced interaction re-
duces to an effective two–body potential [38, 39], that acts
as a source of entanglement for the two fermions. An en-
tanglement measurement might then provide evidence for the
pseudoscalar interaction, and thus for the existence of ax-
ions/ALPs. Obviously, the two fermions interact with each
other in many other ways, i.e. gravitationally, magnetically,
etc. All these interactions are potentially a source of entangle-
ment. Hence, one of the main goals of this work is to show
how it is possible to extract the axions–induced entanglement
contribution from the others. We choose to quantify the en-
tanglement through the 2–Renyi entropy [40–43] that has the
advantage to be, in several systems, directly connected to ex-
perimentally accessible quantities [44–48]. Nevertheless, a di-
rect measurement of the entanglement entropy is challenging
in many cases. Hence, we individuate a two–body spin corre-
lation function that plays the role of an entanglement witness,
and can be more easily accessed. An entanglement witness is
a physical quantity that is strictly related to the family of states
under analysis, with the property of vanishing simultaneously
with the entanglement. The detection of a non–zero value of
the entanglement witness therefore implies that the entangle-
ment is non–zero. Specialized to our case, under suitable con-
ditions, a non–vanishing witness would signal the presence of
axions, and then provide an indirect evidence for their exis-
tence. For masses in the range of 10−3 − 1 eV and coupling
constants close to the actual constraints, that are compatible
with some ALPs models, the witness is significantly different
from zero.
The paper is organized as follows. We first recap the
axion–fermion pseudoscalar interaction and the correspond-
ing two–fermion potential in the non–relativistic limit (Sec II).
From the knowledge of the potential we compute the time–
dependent entanglement between the two fermions, and we
individuate a specific time at which, in absence of axions, the
entanglement must vanish. If in correspondence with such
time the entanglement is different from zero, the presence of
axions is detected (Sec III). Soon after we introduce an entan-
glement witness (Sec IV) and finally we draw our conclusions
(Sec V).
II. FERMION–FERMION INTERACTION INDUCED BY
AXIONS
Let us start by recalling the main features of the axion–
mediated fermion–fermion interaction. The coupling of ax-
ions with fermions is described by a Yukawa pseudoscalar ver-
tex [38, 39]. If φ is the axion field and ψ1, ψ2 are the fermion
fields, the interaction term reads
LINT = −
∑
j=1,2
igpjφψ¯jγ5ψj (1)
where γ5 is the product of Dirac matrices iγ0γ1γ2γ3 and gpj
are the effective axion–fermion coupling constants, which de-
pend critically on the fermions considered and the underlying
axion (or ALP) model. Since the couplings are expected to be
small, i.e. gpj  1, the scattering amplitudes can be well ap-
proximated by the leading order in the perturbative expansion.
For the scattering ψ1(p1)ψ2(p2)→ ψ1(p′1)ψ2(p
′
2) we have
ıA= u¯s′11 (p
′
1)gp1γ5u
s1
1 (p1)
i
q2−m2 u¯
s′2
1 (p
′
2)gp2γ5u
s2
2 (p2) (2)
where the pseudoscalar free propagator with momentum
q = p
′
1 − p1 = p2 − p
′
2 appears, and m is the axion mass.
Here usii (pi) are the plane–wave solutions of the Dirac equa-
tion for the i-th fermion with momentum pi and spin projec-
tion si. Taking the non–relativistic limit, one obtains an ex-
pression for the Fourier transform of the two–fermion poten-
tial V (q). It can be shown that this two–body potential, in real
space, and for two identical fermions, has the form [39]
Hp =
g2pe
−mr
16piM2
[
σ1 · σ2
(
m
r2
+
1
r3
+
4
3
piδ3(r)
)
− (σ1 · rˆ) (σ2 · rˆ)
(
m2
r
+
3m
r2
+
3
r3
)]
. (3)
Here r (rˆ) stands for the modulus (the unit vector) of the rel-
ative distance between the fermions and δ3(r) is the Dirac
delta, while σi is the three–dimensional vector of Pauli opera-
tors defined on the i–th fermion. Moreover, having considered
two identical fermions, we have gp1 = gp2 = gp. Assuming rˆ
coinciding with the z–direction and neglecting the term pro-
portional to δ3(r), we obtain
Hp =
g2pe
−mr
16piM2r3
[
m2r2 σz1σ
z
2 + (mr + 1)O
]
(4)
where the operatorO is defined asO = 2σz1σz2−σx1σx2−σy1σy2 .
III. DYNAMICS OF ENTANGLEMENT
The Hamiltonian Hp in eq. (4) describes the interaction
between two identical non–relativistic fermions at distance r
mediated by axions. To exploit the entanglement properties
to detect the axions, we have to understand whether this inter-
action can induce entanglement on the two fermion system,
assuming that, at t = 0, it is in a fully separable state. As it
3is well–known, the conditions that a Hamiltonian has to fulfill
in order to produce entanglement are: 1) a non completely
degenerate spectrum; 2) the impossibility to be reduced to
the sum of local terms acting separately on every single ob-
ject [35–37]. As it is easy to check, the Hamiltonian in eq. (4)
fulfills both the requirements. Therefore we can use the en-
tanglement induced by the Hamiltonian in eq. (4) to detect the
existence of the axions.
Let us start the analysis of the entanglement properties of
our system describing its main features. All along the pa-
per, we will focus on a system made by two identical spin–
1
2 fermions (for instance electrons or neutrons) at a distance
r that we consider constant throughout the experiment. At
t = 0 we assume that the spin state of the whole system is
fully separable, i.e. that it can be written as the tensor product
of two states each defined on a single fermion. In other words
we have that, at t = 0, the state of the system can be written
as
|ψ(0)〉 = |ϕ(0)〉1 ⊗ |ϕ(0)〉2 (5)
|ϕ(0)〉i = cos(θ) |↑〉i + eıφ sin(θ) |↓〉i
Here |↑〉i and |↓〉i denote the eigenstates of the mag-
netic moment along the direction joining the two fermions
(z-direction). In such a state the entanglement is zero.
If the two fermions interacted with each other only through
the axions, a non–vanishing entanglement would directly sig-
nal their presence. Unfortunately, this is not the case. Two
fermions interact with each other through several channels.
Depending on the distance and how we define the states of
the system, these other interactions will also induce an en-
tanglement between the two fermions and therefore they can
represent sources of error for our device. To avoid this, we
must design it in such a way that these additional sources of
entanglement are suppressed or reduced.
At first, let us deal with the weak and the strong nuclear
interactions. They are relevant only for very small distances
and, hence, assuming, in our setup, a relative distance large
enough (r > 10−12m), we can neglect them altogether. Sec-
ondly, let us consider the gravitational and the electrostatic
(if the fermions have a non–vanishing electric charge) inter-
actions. They are associated to massless bosons, hence we
cannot exploit the distance to reduce their effect on the ex-
periment. However, as we have previously said, a fundamen-
tal requirement for the interaction to induce entanglement in
a system, is that the spectrum of the associated Hamiltonian
is not fully degenerate. Particles such as electrons, protons,
or neutrons are characterized by precise values of charge and
mass that do not depend on their spin states. Therefore, any
state depending solely on the spin of the particles, like the
one we are considering, will react to gravitational and electro-
static interactions in the same way. Their action on the evolu-
tion of the spin state cannot induce entanglement and amounts
to a global phase factor. It is worth to note that this result
is not in contrast with several recent works, see for example
Ref. [32, 33, 54] that suggest exploiting the entanglement as
a probe for the quantum nature of the gravity. In fact, in these
papers, position–dependent states are considered, and, conse-
quently, evolution driven by the gravitational interactions can
induce entanglement.
Unfortunately, this process of fine–tuning system parame-
ters to eliminate all other entanglement sources cannot be ex-
tended to suppress the contribution of dipole–dipole magnetic
interaction, whose Hamiltonian reads
Hµ = − 1
4pir3
g2qe
2
16M2
O . (6)
Here g is the g–factor and qe is the charge of the electron.
Being associated with the exchange of massless photons, this
interaction is not confined at short–range and it is sensible to
the different spin states in a way that cannot be reduced to
the action of local operators. Hence its contribution to the
entanglement cannot be neglected. However, as we will see
in the following, one can tune the experiment parameters to
isolate the axion–induced entanglement
Starting from the initial state |ψ(0)〉, the state at t > 0 can
be obtained as |ψ(t)〉 = U(t) |ψ(0)〉, where the time evolution
operator U(t) is unitary since we consider our system to be
closed (we neglect any other interaction with the surrounding
world). U(t) can be written as U(t) = exp[−ıt(HT )], where
the total Hamiltonian HT is the sum of the magnenetic (Hµ)
and the axion term (Hp), i.e. HT = Hp +Hµ, and reads
HT = −A
r3
[O −Be−mr (m2r2 σz1σz2 +O (mr + 1))] .(7)
In eq. (7) the parameter A = g
2qe
2
64piM2 is the strength of the
magnetic interaction while B =
4g2p
g2q2e
=
4g2p
αg2 quantifies the
relative weight of the axion interaction and α denotes the fine
structure constant.
Since the operator U(t) is unitary for any time t ≥ 0, the
state |ψ(t)〉 remains a pure state, although in general, dif-
ferently from |ψ(0)〉, it is entangled. The amount of entan-
glement between the two fermions in |ψ(t)〉 can be quanti-
fied using different measures. In the present work we take
into account the 2–Renyi entropy [40–43], that has the ad-
vantage, with respect to the other entropy–based entangle-
ment measures to be associated, at least in some experimental
devices, to experimental accessible quantities [44–48]. The
2–Renyi entropy is defined as S2 = − ln(P(ρi(t))), where
ρi(t) = Trj6=i(|ψ(t)〉 〈ψ(t)|) is the reduced density matrix ob-
tained projecting |ψ(t)〉 on the Hilbert space defined on one of
the two femions andP(ρi(t)) = Trρ2i (t) is the purity of ρi(t).
In our system the 2-Renyi entropy reads
S2(t) = −ln
[
1− sin
4(2θ)
2
sin2(Γt)
]
(8)
where Γ = 6Ar3
[
1− B3 e−rm
(
3 + 3rm+ r2m2
)]
. As we can
see from the expression of Γ, the entanglement derives from
both the dipole–dipole magnetic interaction and from the pres-
ence of the axions. However, the second contribution can be
isolated by properly setting the time interval of the entangle-
ment measurement. Indeed, from eq. (8), by setting t = nt∗
where n is a positive integer and t∗ = pir
3
6A , we find that the
4entanglement reduces to the axion contribution alone:
S2(nt
∗) = − ln
{
1− sin
4(2θ)
2
× (9)
× sin2
[
npi
(
1− B
3
e−mr(3 + 3mr +mr2)
)]}
;
' sin
4(2θ)
2
n2pi2B2e−2mr
(
1 +mr +
mr2
3
)2
.
In the case in which gp  1, the last line of eq. (9) shows
that the entropy is proportional to B2 and then to g4p, hence
providing a proof, in the case such entanglement is detected,
of the presence of an axion–induced interaction and, therefore,
of the existence of the axions.
For ALPs, setting a coupling gp equal to the threshold ob-
tained from several measurements [49–53], the behavior of
the 2–Renyi entropy at distance r = 1nm for the case of
2 neutrons is shown in the upper panel of Fig. 1. All lines
depicted in the figure show very similar behavior. However,
keeping the distance fixed, continuing to increase the mass
one arrives at a value for which the Yukawa damping starts
to be relevant. From this point on, a further increment of the
mass of the axions will suppress the entanglement exponen-
tially.
IV. THE ENTANGLEMENTWITNESS
As we can see from Fig. (1), with the exception of the case
in which the mass of the axion is relatively high, i.e. around
the eV, the expected value of the entanglement entropy is quite
small. Despite the fact that there are several proposals to pro-
vide a direct measurement of the 2–Renyi entropy, it is a mat-
ter of fact that such experiments are not easy to accomplish.
To overcome these difficulties we can make use of an entan-
glement witness, i.e. a quantity strictly related to the family
of states and the dynamic of the system under analysis, whose
value is able to signal the presence of entanglement. If the
entanglement witness is easier to be directly measured and its
value is larger than the entropy, it can represent a useful tool
for the experimental realization of our approach.
Luckily, in our system such quantity exists. Setting to zero
the phase φ of the initial state in eq. (5), the entanglement
witness can be identified with the two–spins correlation func-
tions Cyz = 〈ψ(t)|σy1σz2 |ψ(t)〉 ≡ 〈ψ(t)|σz1σy2 |ψ(t)〉. For
any choice of φ one can find a different correlation func-
tion playing the same role. It is straightforward to show that
for any time greater than zero the correlation function Cyz is
given by Cyz(t) = − sin(2θ) sin (Γt), which, for any θ 6= kpi2
with k integer, vanishes only when the entanglement is zero.
Fixing t = nt∗ = npir
3
6A the correlation function Cyz becomes
Cyz(nt
∗)=−sin(2θ)sin
[
npi
(
1−B
3
e−mr(3+3mr+m2r2)
)]
'(−1)nsin(2θ)npiBe−rm
(
1+rm+
r2m2
3
)
, (10)
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Figure 1: (color online) Plot of the 2–Renyi entropies (upper panel)
and of the Witnesses Cyz (lower panel) at t = t∗, i.e. for n = 1,
between two neutrons as function of the axions mass m at distance
r = 1nm. In the plot we have assumed that θ = pi/4 while φ = 0.
We have considered ALPs with couplings gp choosen in correspon-
dence with the constraints from several experimental analysis. The
black dot–dashed line is obtained from the effective Casimir pres-
sures [49]; the red solid line is obtained from the Casimir forces [53];
the blue dashed line comes from iso–electronic experiment [51].
that vanishes only in absence of interaction between axions
and fermions, i.e. only if axions do not exist. In the case
npiB  1, from eq. (10), we can see that the entanglement
witness shows a dependence on the interaction strength pro-
portional to g2p rather than to g
4
p making the signal larger.
Moreover correlation functions are much easier to be mea-
sured than entropy, hence, the witness that we have introduced
makes the detection of the axion and of the ALPs much more
viable. Plots of the entanglement witness at t = t∗ are shown
in the lower panel of Fig. 1.
V. DISCUSSIONS AND CONCLUSIONS
As it is well known, one of the main problems, when we are
interested in the experimental analysis of the entanglement of
a system, is the finiteness of the coherence time [55]. In re-
alistic systems, the coherent superposition characterizing the
pure quantum states is destroyed by noisy interactions that,
unavoidably, every quantum system shares with the surround-
ing world. Up to now, in our analysis, we have completely
5neglected such kind of interaction assuming that our system
is completely isolated from the rest of the universe. How-
ever, this assumption is realistic only for a finite time inter-
val, which is known as coherence time. Beyond that time
the effects of decoherence can no longer be neglected. It
is therefore essential, for the experiment to be faithful, that
the observation time is lesser than the coherence time. In
modern experimental setups, the coherence time is becom-
ing longer and longer and values of more than 1 second have
been achieved [56]. This has to be compared with the min-
imum time interval needed to isolate the axion contribution
to the entanglement (t∗). Notice that t∗ is proportional to
M2 and then, it is strongly dependent on the fermions con-
sidered in the experiment. For a system of two electrons we
have A = 7.03× 10−15eV −2. By fixing the relative distance
r = 0.1µm, we have t∗ = 7 s, which is at the limit of to-
day’s technology. By contrast, considering neutrons, the mass
increase of 3 orders of magnitude determines a much larger
time, even at very short relative distances and to realize the
experiment it is needed to take into account distances of the
order of the nanometer. Another limitation comes from the
Yukawa damping factor e−mr, which strongly suppresses the
axion–mediated interaction, and then the entanglement, out-
side a limited spatial region r < 1m . Of course, the smaller
the axion mass, the larger the spatial region where the experi-
ment is efficient.
In conclusion, taking into account the above constrains, we
have analyzed the dynamics induced, in a system of two spin-
1
2 fermions, by the axion–mediated fermion–fermion interac-
tion in the non–relativistic regime. We have shown that it
is characterized by the rising of entanglement between the
two fermions. This source of entanglement must be added
to the dipole–dipole interaction of magnetic origin. How-
ever, by suitably tuning the observation time t = nt∗ and
the distance between the two fermions, one can get rid of the
magnetic source of entanglement. In this way, any residual
entanglement–entropy can be seen as a direct consequence of
the presence of axions and hence costitutes a proof of their
existence. On the other hand if such entanglement is not de-
tected this observation can be used to strengthen the current
constraints.
Moreover, to overcome possible difficulties in direct en-
tropy measurement, we have introduced a spin–spin correla-
tion function which we have proved to be a suitable entan-
glement witness that vanishes if and only if the entanglement
goes to zero. Such witness has also the advantage to be pro-
portional, at t = t∗, to g2p rather than to g
4
p as the 2–Renyi
entropy. This fact allows extending the range of applicabil-
ity of our experiment of several orders of magnitude. The
method we propose can likely probe a coupling constant range
gp = 10
−3− 10−1 for any axion mass up to m ' 1 eV , being
particularly efficient for ALPs with low masses and large cou-
pling constants [57]. For coupling constants below 10−3 and
masses beyond m ' 1 eV measurements are limited by the
current experimental precision. Improvements in this respect
may render wider regions of parameter space accessible in the
next future.
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